Betalains are abundant in amaranth plants. Additionally, the betalain molecular structure and metabolic pathway differ from those of betanin in beet plants. To date, only a few studies have examined the regulatory roles of miRNAs in betalain biosynthesis in plants.
158 the miRBase or classified into any categories in the Rfam (11.0) database were predicted with 159 the miRDeep2 program and the amaranth transcriptome data. 160 Bioinformatics-based prediction of amaranth miRNA target genes 161 With the known and novel amaranth miRNA sequences as probes, the psRNA Target 162 (http://bioinfo3.noble.org/ps RNATarget/) program was used to search all unigene sequences in 163 the amaranth transcriptome database to identify candidate target genes (Zhang 2005 ). The 164 miRNA target genes were predicted based on the following criteria: (1) there were no more than 165 four mismatches between the sRNA and target gene (G-U pair = 0.5 mismatch); (2) the 166 miRNA/target gene complex should not consist of more than two adjacent sites with mismatches; 167 (3) in the miRNA/target gene complex, the adjacent sites at positions 2-12 from the 5′ end of the 168 miRNA cannot be mismatched; (4) in the miRNA/target gene complex, the adjacent sites at 169 positions 11 and 12 cannot be mismatched; (5) in the miRNA/target gene complex, positions 1- 170 12 from the 5′ end of the miRNA should not include more than 2.5 mismatches; and (6) the 171 minimum free energy (MFE) of the miRNA/target gene complex should not be less than 75% of 172 the MFE when the miRNA is combined with the optimal complement. Genes were identified as 173 candidate miRNA targets when the final sequence score was ≤ 5. The putative miRNA target 174 genes were functionally characterized by using their sequences as queries for BLASTX searches 175 of nonredundant databases, such as the GO, KEGG, nr, Pfam, KOG, and COG databases.
176 Quantitative real-time polymerase chain reaction analysis of miRNAs and 177 their target genes in the red and green sectors of amaranth leaves 178 A quantitative real-time polymerase chain reaction (qRT-PCR) assay was used to validate the 179 accuracy of the miRNAs in the sRNA database as well as their target genes. The analyzed RNA 180 samples were the same as those used for the sRNA library construction. The qRT-PCR was 181 completed as previously described (Liu et al., 2011). We examined 21 miRNAs and nine target 182 genes using the LightCycler 480 qPCR instrument (Roche Applied Science, Switzerland), with 183 all reactions completed in triplicate. Of the 21 miRNAs, miR390 was the most stably expressed 236 example, the first base tended to be C, U, U/A, and A in miRNAs with 21, 22, 23, and 24 237 nucleotides, respectively ( Supplementary Fig. 3 ). 238 Analysis of predicted miRNA families in the red and green sectors of 239 amaranth leaves 240 Using the SSEARCH program, which is useful for finding a short sequence within a miRNA 241 library, we compared the obtained miRNAs with the mature miRNAs in the miRBase 21.0 242 database (comparison parameter set to E−10). The miRNAs were then classified into known 243 miRNA families according to the lowest E-value for the comparisons. Of the 239 miRNAs, 216 244 were distributed in 44 miRNA families. The number of miRNAs differed considerably among 245 the various families, with half containing only one member. The other 22 families comprised 246 multiple members, including 16 families with 2-9 members, and six families with ≥ 10 members. 247 The family with the most identified members was miR166 (31 members), followed by miR396 248 (20 members), miR159/319 (30 members), miR156 (14 members), miR167 (13 members), and 249 miR172 (13 members). Additionally, some novel miRNAs were classified into known miRNA 250 families. The possibility these miRNAs represent new members of specific A. tricolor miRNA 251 families will need to be verified (Supplementary Table S1 ). 279 including 'General function prediction only', 'Translation, ribosomal structure, and biogenesis', 280 'Replication, recombination, and repair', 'Transcription', 'Post-translational modification, 281 protein turnover, and chaperones', and 'Secondary metabolite biosynthesis, transport, and 282 catabolism' (Supplementary Fig. 4 ). Similar functional annotations were observed when the 283 KOG database was searched ( Supplementary Fig. 5 ).
284 Analysis of miRNAs based on the read counts for the red and green sectors of 285 amaranth leaves 286 The large number of sequences generated by high-throughput sequencing enabled the use of read 287 counts in libraries to estimate miRNA abundance. Relative to the corresponding expression 288 levels in the GS, the most up-regulated miRNAs in the RS were miR159, miR160, miR166, 289 miR172, and miR319 family members, while the most down-regulated miRNAs were miR156, 290 miR167, and miR398 family members. Additionally, miRNAs from the same family tended to 291 exhibit similar expression levels (Fig. 1) .
292
Expression analyses completed based on the normalized read counts for each miRNA 293 revealed differences in the abundances of the 239 miRNAs. We observed that 162 miRNAs in 294 the GS and 158 miRNAs in the RS had more than 50 transcripts per million (TPM). Additionally, 295 miR159, miR160, miR166, miR167, and miR396 were abundant in the two libraries. The most 296 abundant miRNA was miR159, with 108,760 and 148,925 TPM in the GS and RS libraries, 297 respectively.
298 Analysis of differential miRNA expression based on transcripts per million in 299 the red and green sectors of amaranth leaves 300 Differences in miRNA expression levels between the RS and GS were analyzed using the online 301 IDEG6 program, with |log 2 (FC)| ≥ 1 and FDR ≤ 0.05 as the criteria for identifying differentially 302 expressed miRNAs. Of the 61 miRNAs differentially expressed between the RS and GS, 31 were 303 up-regulated and 30 were down-regulated in the RS relative to the expression level in the GS. 304 Additionally, 23 and 38 differentially expressed miRNAs were novel and known miRNAs, 305 respectively. Among the 23 novel miRNAs, only two were up-regulated and 21 were down-306 regulated in the RS relative to the expression level in the GS. Of the 38 known miRNAs, 29 were 307 up-regulated and nine were down-regulated in the RS relative to the expression level in the GS. 308 Of the known miRNAs, the expression levels of the miR159, miR164, miR319, miR166, 309 miR171, and miR395 family members were up-regulated, whereas the expression levels of the 310 miR156, miR167, miR390, miR393, and miR398 family members were all down-regulated.
311 Functional analysis of the target genes of the differentially expressed miRNAs 312 The 267 annotated miRNA target genes included 95 that were the targets of differentially 313 expressed miRNAs between the RS and GS. We observed that 40, 56, 39, 49, 73, 64, and 95 314 target genes were annotated based on the COG, GO, KEGG, KOG, Pfam, Swiss-Prot, and nr 315 databases, respectively.
316
The 56 target genes annotated according to the GO database were distributed in the three 317 main functional categories (i.e., biological process, cellular component, and molecular function). 318 In the biological process category, most genes were annotated with the metabolic process (37) 319 and cellular process (36) terms. In the cellular component category, most genes were annotated 320 with the cell (23), cell part (23), and organelle (15) 330 To clarify the role of miRNAs in betalain metabolism in A. tricolor, the expression levels of 20 331 miRNAs in the RS and GS of leaves were analyzed with a qRT-PCR assay (Fig. 2) . We observed 332 that miR156a/b/c, miR164b, miR166a/b/e-3p/u, miR172d-3p, miR319, and miR396b expression 333 levels were higher in the RS than in the GS. In contrast, miR156a/e-3p, miR162a-5p, miR167, 334 and miR396a-3p expression levels were lower in the RS than in the GS. 335 Among the novel miRNAs, amt-miR1 was expressed more highly in the RS than in the 336 GS, and was classified in the miR159 family according to SSEARCH. Thus, amt-miR1 appears 337 to be a new member of the miR159 family. Meanwhile, amt-miR3, amt-miR6, and amt-miR26 338 were expressed at lower levels in the RS than in the GS. According to SSEARCH, amt-miR3 and 339 amt-miR6 belonged to the miR169_1 and miR408 families, respectively. Moreover, amt-miR26 340 was considered to be a new miRNA. 341 The regulation of diverse biological processes by miRNAs is mediated by mechanisms 342 such as the repression of translation and cleavage of target mRNAs. For example, miR156 343 targeted the genes encoding SPL2, SPL6, and SPL9. Our data revealed that SPL2 expression was 344 lower in the RS than in the GS, while the SPL6 and SPL9 expression levels exhibited the 345 opposite pattern. Additionally, miR164 and miR160 targeted the NAC and TCP4 genes, 346 respectively. The expression levels of these two genes were lower in the RS than in the GS. 347 Meanwhile, the miR166, miR164, and miR396 target genes were HD-Zip, GRF2/9, and CSD, 348 respectively. These genes were more highly expressed in the RS than in the GS (Fig. 3) . 368 contents have yet to be characterized. Therefore, identifying and characterizing the miRNAs 369 involved in betalain metabolism in amaranth plants will provide valuable information for 370 elucidating the relevant regulatory mechanism. 371 In this study, we applied an Illumina sequencing platform to further characterize the role 372 of miRNAs affecting the betalain metabolism of amaranth plants. We generated 39,521,807 373 clean reads from the two sequenced libraries. Additionally, 22,196,710 and 17,325,097 clean 374 reads were obtained for the GS and RS, respectively. The abundant sRNA data were analyzed to 375 clarify betalain metabolism in amaranth plants. However, 85.99 and 73.46% of the clean reads 376 for the GS and RS were unannotated, respectively. The results implied that many novel sRNAs 377 help regulate betalain metabolism or more information regarding the constructed sRNA libraries 378 will be needed to further clarify the mechanism mediating betalain metabolism in amaranth 379 plants. 380 The clean and unique reads were mainly 21-24 nucleotides long, which is similar to the 381 findings regarding the corresponding reads in most angiosperms. Additionally, the 24-nt sRNAs 382 were the most common sRNAs. This is consistent with the observations of previous studies . We observed that 436 miR156 was expressed at lower levels in the RS than in the GS, resulting in up-regulated SPL 437 expression in the RS, which ultimately prevented MYB from interacting with bHLH. Finally, 438 betalain was biosynthesized in the RS. 439 440 We detected many miRNAs in our sRNA libraries, including miR159, miR319, miR408, 441 miR172, miR482, and miR858. These miRNAs were previously revealed to influence the (Ren et al. 2014 ). The PPO enzyme is believed to catalyze the first step of betalain biosynthesis. 451 There are many miRNAs involved in the regulation of betalain metabolism in amaranth plants 452 (Fig. 4) . 453 Conclusions 454 We constructed sRNA libraries for the RS and GS of amaranth leaves to identify the miRNAs 455 associated with betalain biosynthesis. We identified 198 known and 41 novel miRNAs. Of the 456 239 screened miRNAs, 224 were observed to target 493 genes in the RS and GS. These targets 457 included SPL2, ARF18, ARF6, and NAC. Moreover, miR156a/b/c, miR164b, miR166a/b/e-3p/u, 458 miR172d-3p, miR319, and miR396b expression levels were higher in the RS than in the GS. In 459 contrast, miR156a/e-3p, miR162a-5p, miR167, and miR396a-3p expression levels were lower in 460 the RS than in the GS. Furthermore, a novel miRNA, amt-miR1, was more highly expressed in 461 the RS than in the GS, while amt-miR3, amt-miR6, and amt-miR26 expression levels were lower 462 in the RS than in the GS. 
Many miRNAs help regulate betalain biosynthesis in amaranth plants
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